A straightforward improvement of the efficiency and long term stability of silicon dosimeters has been obtained with a n + -p junction surrounded by a guard-ring structure implanted on an epitaxial p-type Si layer grown on a Czochralski substrate. The sensitivity of devices made on 50-m-thick epitaxial Si degrades by only 7% after an irradiation with 6 MeV electrons up to 1.5 kGy, and shows no significant further decay up to 10 kGy. These results prove the enhanced radiation tolerance and stability of epitaxial diodes as compared to present state-of-the-art Si devices. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2723075͔ High conformal radiotherapy beams for intensity modulated radiation therapy, stereotactic treatments, and proton therapy are characterized by small radiation fields with high dose gradients and by strong variations in space and time of dose rate and of beam energy spectrum.
High conformal radiotherapy beams for intensity modulated radiation therapy, stereotactic treatments, and proton therapy are characterized by small radiation fields with high dose gradients and by strong variations in space and time of dose rate and of beam energy spectrum. 1 The accurate determination of the bidimensional dose distribution delivered to the patient in such treatments requires detectors with high spatial resolution, sensitivity independent of dose rate, energy, and radiation linear energy transfer ͑LET͒, fast response and high signal stability, good linearity with dose and dose rate, and wide dynamic range. Silicon n + -p and p + -n junction devices are widely used as relative dosimeters in conventional radiotherapy treatments, and their high sensitivity with respect to ionization chambers suggested the extension of their application also to conformal radiotherapy beams. [2] [3] [4] [5] The fundamental drawback of these devices is related to the significant radiation damage produced by radiotherapy irradiation, which manifests itself in a decrease of the sensitivity with accumulated dose and an increase of the dark current ͑and dose rate dependence for pulsed beams͒. To reduce the influence of the dark current, Si dosimeters are usually operated unbiased. In this condition the sensitivity S is proportional to the active volume V ͑S ϵ gV͒, which is largely determined by the minority carrier diffusion length L. The sensitivity degradation is thus related to the decrease of the minority carrier lifetime ͓L = ͑D͒ 1/2 with D diffusion constant͔. The carrier lifetime decreases with dose due to the creation of generation-recombination centers. It is established for both n-and p-type Si that the low-injection-level lifetime is predominantly determined by the single negative acceptor level of the divacancy center, while the highinjection lifetime is controlled by the vacancy-oxygen pair. 6, 7 To mitigate the sensitivity decrease with the accumulated dose, commercially available Si diodes are usually preirradiated up to about 10 kGy with high energy electrons. [2] [3] [4] After this preirradiation, a further, less pronounced, decay in sensitivity is still observed. For this reason, the hospital use of silicon dosimeters requires a frequent recalibration, which represents a serious drawback. Recently, it has been shown that an improved response stability can be obtained if Si is intentionally doped with Pt, 5 as the deep level associated with Pt acts as the dominant generation-recombination center even after irradiation with high irradiation doses. Pt-doped n-type Czochralski ͑Cz͒ Si is characterized by a diffusion length of about 20 m, significantly lower than that of the starting Si Cz material ͑100-200 m͒ and even of the preirradiated one ͑typically 50-60 m͒, with the consequence of a reduced sensitivity in the low dose range.
In this work we show that it is possible to manufacture a silicon dosimeter with a sensitivity almost independent of the accumulated dose and definitely higher than that of Pt-doped diodes. Our original approach has been to fix the active volume of the device in two ways: by defining its planar active area as exactly as possible ͑by using a guard-ring structure to be grounded during operation͒ and by limiting the active depth ͑by implanting the diode on an epitaxial layer͒ to values shorter than the minority carrier diffusion length L at the highest operative dose. As long as L ജ w , d ͑w being the epilayer thickness and d the distance between guard-ring and electrode͒ even at the highest accumulated dose, the active volume of the dosimeter will not change significantly. As a consequence, the sensitivity of the device will remain stable with the dose.
Square-shaped silicon n + -p and p + -n junctions have been produced at ITC-IRST, Trento on three different starting materials: Cz, floating zone ͑FZ͒, epitaxial on Cz and with various resistivities ͑10-1000 ⍀ cm͒. On the front ͑junction͒ side, diodes have an electrode lateral size of a =2-3 mm and various electrode-to-guard-ring distance ͑d = 10-500 m͒. Device thickness is in the range of 50-300 m. Epitaxial layers were grown on a low resistive Cz Si wafer ͑0.01 ⍀ cm͒. The high doping density of the Cz Si wafer limits L in the substrate to less than 2 m. The guard-ring structure is essentially a 2-m-deep n + or p + implant surrounding the active area at the front contact of the dosimeter. Devices have been irradiated with a 60 Co source and 6 MeV electrons from a microtron accelerator up to the accumulated dose of 10 kGy. The dosimetric response was measured at zero bias with a 60 Co radiotherapy source after each irradiation step. Figure 1 shows the sensitivity after electron irradiation of a batch of dosimeters with the same guard-tocontact distance d =20 m, made with different materials and wafer thickness.
At zero accumulated dose, no appreciable dependence on the resistivity and conductivity type is found. The sensitivity of the device made on a 50-m-thick epilayer is approximately one-fourth of that of the 200-m-thick device, which in turn has the same sensitivity of the diode with w = 300 m. From this we can deduce a maximum diffusion length at zero dose of the order of 200 m. Due to the reduced thickness, the device made on the epitaxial layer is obviously characterized by a lower sensitivity at zero dose. In any case, the signal to noise ratio at the lowest investigated dose rate is always higher than 30 due to unbiased operation. The sensitivity of the thickest devices ͓with active volume V ϳ L͑a + d͒ 2 ͔ is limited by the diffusion length, which decreases with the accumulated dose. In contrast, the sensitivity of the epitaxial dosimeter is almost constant since it is determined by the epitaxial layer thickness ͑V ϳ V 0 = w͑a + d͒ 2 ͒ in the desired dose range. Accordingly, after irradiation, the thinnest epitaxial device shows the highest stability with the accumulated dose: after a sensitivity decrease of about 7% observed up to 1.5 kGy, its sensitivity remains constant within 1.8% up to 10 kGy. We also note that for comparable zero-dose diffusion lengths, a higher radiation damage is observed in n-type silicon ͑83% decrease against 58% for p type͒, as already reported in literature. 3 To optimize the electrode-to-guard-ring distance, further measurements have been carried out on p-type epitaxial devices with nominal thickness w 0 =50 m ͑w =47 m ±5% from capacitance-voltage measurements͒, a = 3 mm, and d values in the range of 10-500 m ͑±1 m͒. Results are shown in Fig. 2 . A clear decrease of sensitivity is observed in the first 1.5 kGy of irradiation. This can be explained by the fact that even if the guard ring is very efficient in blocking carriers diffusing close to the surface, some carriers can diffuse below the guard ring in the deepest region of the epitaxial layer, close to the Czochralski substrate. This effect adds a contribution V 1 to the active volume ͑V Ϸ V 1 + V 0 ͒, which is expected to be roughly proportional both to the diffusion length and to the guard-ring perimeter ͑V 1 ϳ 4͑2d + a͒L͒. Due to the V 1 dependence on L, this contribution becomes soon negligible during irradiation. This is also consistent with the fact that the sensitivity decrease is more evident in the samples with a larger guard ring-to-contact distance d, while devices with d ഛ 50 m suffer a minimal signal decrease of about 7% in total. The maximum signal decrease ͑20%͒ is observed when there is no guard ring.
If the accumulated dose is delivered by a 60 Co source, the sensitivity decreases by 3.5% for d ഛ 50 m and then stays almost constant up to 10 kGy. All the devices characterized by d , w ഛ 50 m have a sensitivity constant within 1.8% after being irradiated with 1.5 kGy or higher doses. This means that, after a preirradiation with 6 MeV electrons up to 1.5 kGy, the current response of a Si dosimeter produced with these concepts will be able to function as relative dosimeter without further recalibrations until a 10 kGy dose has been accumulated: a value typically delivered over several years in clinical applications. Moreover, since the active thickness of our devices is w Ϸ 50 m, the signal size for the same dose rate will be almost twice that produced by a Ptdoped silicon dosimeter, where the active volume is limited by a diffusion length of about 22 m. 5 This also means that the epitaxial Si dosimeter will be able to operate with the suitable sensitivity at lower dose rates than those typical for Pt-doped devices.
The data of Fig. 2 measured at the highest dose ͑V Ϸ V 0 ͒ can be used to estimate the diffusion length and to reinforce our interpretation of the experimental results. These data are plotted in Fig. 3 as a function of 
The efficiency g and diffusion length L can be evaluated from Eqs. ͑1͒ and ͑2͒ by interpolation of the experimental values of Fig. 3 : approximation ͑1͒ holds if d ഛ 50 m, while Eq. ͑2͒ agrees with data if d ജ 200 m. We obtain L =57±3 m and g = 740± 120 nC/ ͑Gy mm 3 ͒. Our results show that 50-m-thick p-type epitaxial Si junctions surrounded by a guard ring show substantially higher radiation hardness when compared with any other Si device tested up to now for clinical radiotherapy, exhibiting both high sensitivity and a high stability with the accumulated dose. The concepts proven in this work have now been extended to a matrix of pixel junctions manufactured on a 50-m-thick epitaxial silicon layers for the production of a monolithic bidimensional dosimeter. We believe that the increased sensitivity, stability with the accumulated dose, and high space resolution of this kind of device, recently patented by the University of Florence, 8 will make it appealing not only for clinical radiotherapy but also for other applications such as radiation damage monitoring in high energy physics experiments, where ionizing energy loss doses are measured with photodiodes which degrade quickly in a mixed radiation field.
